1. Introduction {#sec1}
===============

The glucose stimulation of insulin secretion (GSIS) by pancreatic β-cells depends on the increased flux of glucose metabolism through glycolysis and mitochondrial Krebs cycle, leading to a rise in the NADH/NAD^+^ ratio, mitochondrial membrane hyperpolarization, matrix alkalization, and ATP synthesis. The ensuing rise in the ATP/ADP ratio closes K~ATP~ channels, thereby depolarizing the plasma membrane, opening voltage-dependent Ca^2+^ channels and triggering Ca^2+^ influx, rise in intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~) and insulin granule exocytosis. In addition, glucose-derived coupling factors play a role in the metabolic amplification of Ca^2+^-induced secretion [@bib1], [@bib2], [@bib3], [@bib4]. Among them, cytosolic NADPH together with glutaredoxin 1 (GRX1) acts as a regulatory or permissive factor for Ca^2+^-induced exocytosis [@bib5], [@bib6], [@bib7], an effect which may result from protein deSUMOylation by redox-sensitive SENP-1 [@bib8], [@bib9].

Using the glutathione redox probe GRX1-roGFP2, we showed that the rise in NAD(P)H autofluorescence, which mainly occurs in mitochondria [@bib10], correlates with a decrease in mitochondrial glutathione oxidation in rat and human β-cells, suggesting that mitochondrial NAD(P)H and glutathione redox state may play a role in GSIS [@bib11]. Mitochondrial NADPH is typically produced by nicotinamide nucleotide transhydrogenase (NNT), isocitrate dehydrogenase (IDH) 2 and malic enzyme (ME) 3 [@bib3], [@bib12]. Interestingly, the spontaneous inactivating mutation of NNT in C57BL/6J mice (J-mice) impairs their GSIS and glucose tolerance, a defect that was ascribed to mitochondrial oxidative stress and impaired glucose-induced ATP production and Ca^2+^ influx [@bib13], [@bib14]. As NNT catalyzes the reversible transfer of a hydride from NADH to NADP^+^ coupled to proton influx in the matrix of energized mitochondria [@bib15], [@bib16], we hypothesized that NNT could mediate the decrease of mitochondrial glutathione oxidation by glucose stimulation, so that islets from J-mice would allow testing the role of mitochondrial NADPH and glutathione redox state in GSIS.

Here, comparing islets from C57BL/6J mice and their parental C57BL/6N mice that express functional wild-type (WT) NNT, we show that the enzyme mediates the effects of glucose on islet NADPH and mitochondrial glutathione redox state, but that, contrary to current views on NNT in β-cells, it does so by reducing its reverse mode of operation, which consumes NADPH, from non-stimulating to stimulating glucose concentrations. We also show that the lower GSIS in J-islets results from alterations of Ca^2+^-induced exocytosis and its metabolic amplification despite the preservation of glucose-induced ATP production and rise in \[Ca^2+^\]~i~.

2. Materials and methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

Animal experiments were approved by the local Institutional Committee on Animal Experimentation (Project 2013/UCL/MD/016). Female C57BL/6N mice expressing WT NNT (NNT^wt/wt^) and C57BL/6J mice with truncated NNT (NNT^tr/tr^) originated from the Jackson Laboratory (Strain 005304 (NJ) and 000664 (J)) or from Janvier Labs, Le Genest Saint Isle, France (C57BL/6NRj and C57BL/6JRj). Mice heterozygous for NNT truncation (NNT^wt/tr^) were obtained by crossing C57BL/6NRj with C57BL/6JRj. Mice were matched for age in each experiment, and their NNT genotype was checked by tail-DNA PCR (standard PCR genotyping protocol for strain 000664, Jackson Laboratory website). NNT^wt/wt^, NNT^tr/tr^ and NNT^wt/tr^ mice are referred to as N-, J- and N/J-mice, and their islets accordingly.

2.2. Reagents {#sec2.2}
-------------

Dithiotreitol (DTT), aldrithiol (AT2), diazoxide (Dz) and carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) were from Sigma. Other reagents were from Merck. A rabbit polyclonal antibody recognizing a synthetic antigen from mouse NNT was kindly provided by Dr. Ting--Ting Huang, Stanford Neuroscience Institute, CA [@bib17]. Rabbit anti-actin antibody (A 2066) was from Sigma.

2.3. Adenoviruses {#sec2.3}
-----------------

The generation and amplification of adenoviruses coding GRX1--roGFP2, mt-GRX1--roGFP2, or mt-SypHer under the control of the cytomegalovirus (CMV) promoter and of an adenovirus coding the red fluorescent protein DsRed under the control of the rat insulin promoter (Ad-RIP-DsRed) were described previously [@bib11], [@bib18], [@bib19]. Adenoviruses coding WT mouse NNT together with mCherry (Ad-NNT) or mCherry alone (Ad-mCh) under the control of the CMV promoter were from Vector Biolabs (Philadelphia, PA).

2.4. Islet isolation {#sec2.4}
--------------------

Islets were isolated by collagenase digestion of the pancreas followed by density gradient centrifugation using Histopaque 1077. They were cultured for 2--5 days at 37 °C and 5% CO~2~ in standard RPMI 1640 (Invitrogen) supplemented with 2 mmol/l glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and 5 g/l BSA.

2.5. Expression of WT mouse NNT in J-islets {#sec2.5}
-------------------------------------------

After overnight culture in RPMI medium, J-islets were infected with Ad-NNT or Ad-mCh as control, at multiplicity of infection ∼100. After 2--4 days of culture, the fluorescence of islet cells was checked by confocal microscopy (*λ*exc/em 561/625--685 nm).

WT *Nnt* and *Tbp* mRNA levels were measured by real-time RT-PCR using iQ supermix and a CFX96 thermocycler (Biorad), and the *Nnt/Tbp* mRNA ratio was computed as $2^{-{({\text{Ct}_{\text{Nnt}} - \text{Ct}_{\text{Tbp}}})}}$. Primers for WT *Nnt* were designed in part of the coding sequence of mouse *Nnt* that is truncated in J-mice (sense 5′-gCTCCCACACCAAAAAATATTCCg-3′ and antisense 5′-TACAATCCAAACCCgTAgCACCg-3′).

NNT and actin protein levels were measured by western blot. Briefly, islets and heart extracts were separated on a 7% polyacrylamide gel and transferred on a PVDF membrane. The membrane was blocked with 5% non-fat milk in Tris-buffered saline with 0.1% Tween 20, cut in two and incubated with NNT or actin antibody, rinsed, and further incubated with an anti-rabbit peroxidase-conjugated antibody. The chemiluminescent signal was quantified and the NNT to actin ratio computed (see [Suppl. Experimental Procedures](#appsec2){ref-type="sec"}).

2.6. Solutions {#sec2.6}
--------------

Experiments were carried out in a Krebs solution (KRB) containing 120 mmol/l NaCl, 4.8 mmol/l KCl, 2.5 mmol/l CaCl~2~, 1.2 mmol/l MgCl~2~, 24 mmol/l NaHCO~3~, 1 g/l BSA (fraction V; Roche), and glucose (Gn, n mmol/l glucose). When KCl was raised to 30 mmol/l, NaCl was reduced to 94.8 mmol/l. The solutions were continuously gassed with 6% CO~2~ in pure O~2~ to maintain pH 7.4.

2.7. Insulin secretion {#sec2.7}
----------------------

J- and N-islets were preincubated 40 min in G0.5 and incubated 1 h, in batches of 5, under various conditions. The medium was collected for RIA measurement of insulin, islets were disrupted by sonication in 10 mmol/l Tris, 0.2 mol/l NaCl, 10 mmol/l EDTA, and their insulin and DNA contents were measured. For dynamic measurements, batches of 35 J- and N-islets were perifused in parallel with KRB at a flow rate of 1 ml/min. Insulin was measured on the effluent collected every 2 min. The islet DNA and insulin contents were measured at the end of perifusion as described [@bib20].

2.8. Live-cell imaging (NAD(P)H autofluorescence, intracellular Ca^2+^ concentration, mitochondrial and cytosolic glutathione oxidation, mitochondrial pH) {#sec2.8}
----------------------------------------------------------------------------------------------------------------------------------------------------------

After culture, islets from N- and J-mice were simultaneously perifused side by side with KRB at a flow rate of ∼1 ml/min and at 37 °C on the stage of an inverted microscope. NAD(P)H autofluorescence (λex/em 360/470 nm) was measured every 5 s and normalized to the fluorescence level measured in N-islets at G0.5. To measure intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~), the islets were loaded for 2 h with 2 μmol/l Fura-2 LR acetoxymethyl ester (Teflabs), and the fluorescence ratio (*λ*ex/em 340/510 and 380/510 nm) was measured every 5 s [@bib21]. To measure glutathione oxidation, the fluorescence ratio of (mt-)GRX1--roGFP2 (*λ*ex/em 400/535 and 480/535 nm) was measured every 30 s in islets infected 48--72 h earlier with Ad-(mt-)GRX1--roGFP2 (multiplicity of infection ∼100) as described [@bib11], [@bib22]. The results were normalized to the fluorescence ratio of the maximally reduced probe measured in the presence of 10 mmol/l DTT (set to 0%), and that of the maximally oxidized probe measured in the presence of 100 μmol/l AT2 (set to 100%). For relative changes in mitochondrial pH, the fluorescence ratio of mt-SypHer (*λ*ex 480/405 nm; *λ*em 535 nm) was recorded every 30 s in islets previously infected with Ad-mt-SypHer as described [@bib18]. Islets were imaged through a ×20 objective with an Evolve 512 camera (Photometrics, Tucson, AZ).

2.9. Pyridine nucleotides redox state {#sec2.9}
-------------------------------------

Batches of 20 islets were preincubated 40 min in G0.5 before incubation under various conditions for 15 min. The reaction was stopped with NaOH 0.2 N and 1% DTAB and islets were briefly sonicated. NAD^+^, NADH, NADP^+^, and NADPH were assayed with the NAD/NADH-Glo™ and NADP/NADPH-Glo™ Assays (Promega) (see Suppl. Experimental Procedures).

2.10. Adenine nucleotides {#sec2.10}
-------------------------

Batches of 10 islets were preincubated 30 min in G0.5 then incubated 30 min under various conditions. The reaction was stopped with trichloroacetic acid, and ATP was assayed using the ATP bioluminescence assay kit CLSII (Roche Life Science) as described [@bib21]. The sum ATP + ADP was measured on the same sample, and the ratio ATP/(ATP + ADP) was computed.

2.11. Glucose oxidation {#sec2.11}
-----------------------

Batches of 20 islets were incubated for 2 h at 37 °C in 100 μL KRB containing G0.5 or G30 and 1 μCi of uniformly labelled [d]{.smallcaps}-\[U-^14^C\]-glucose. The reaction was stopped with 100 μL HCl 0.1 N, followed by 100 μL Na~2~HPO~4~ buffer, pH 6.0. ^14^CO~2~ was absorbed overnight by Hyamin (Perkin Elmer) and counted by liquid scintillation. The specific activity of [d]{.smallcaps}-\[U-^14^C\]-glucose was determined for both G0.5 and G30 conditions, and the quantity of glucose oxidized in each islet sample (pmol per islets per h) was computed.

2.12. Measurement of oxygen consumption rate (OCR) {#sec2.12}
--------------------------------------------------

Oxygen consumption by isolated islets was measured in a flow culture system as described [@bib23], [@bib24].

2.13. Metabolomics {#sec2.13}
------------------

Metabolite profiling in islets was performed by gas chromatography mass spectrometry (GC/MS) as described [@bib7]. Islets were analyzed in 3 separate batches and associated variation between batches removed by ComBat (sva package, R). Data were analyzed by orthogonal projections to latent structures discriminant analysis (OPLS-DA) in Simca P+13 (MKS Data Analytics Solutions, Umeå, Sweden). Differences between groups were further assessed by 1-way ANOVA with Tukey\'s multiple comparison test *post hoc*.

2.14. Statistics {#sec2.14}
----------------

Results are shown as means ± SEM for ≥6 islets from ≥3 different preparations. Outliers were excluded if they passed Grubber\'s test. The statistical significance of differences between conditions and islet types was assessed by 2-way ANOVA (for repeated measurements when the comparison was made between selected time points in the same trace) followed by a test of Bonferroni, unless otherwise specified. We used GraphPad Prism version 6 for Windows.

3. Results {#sec3}
==========

3.1. NNT reverse mode of operation largely contributes to the glucose regulation of NADPH/NADP(H) ratio in mouse pancreatic islets {#sec3.1}
----------------------------------------------------------------------------------------------------------------------------------

We previously showed that, during stepwise glucose stimulation of rat and human β-cells, NAD(P)H autofluorescence (reflecting NADH + NADPH) is inversely correlated to mitochondrial glutathione oxidation [@bib11]. To test the role of NNT-mediated NADPH production in these glucose effects, we first measured NAD(P)H autofluorescence in islets from C57BL/6 mice with (N-islets) and without functional NNT (J-islets). [Figure 1](#fig1){ref-type="fig"}AB shows that both islet types displayed a glucose-dependent increase in NAD(P)H autofluorescence. However, compared with N-islets of similar size that were perifused simultaneously, the NAD(P)H autofluorescence in J-islets was higher below G5 (Gn, n mmol/l glucose) and similar at G10 and above, so that its rise was ∼52% lower from G0.5 to G10 and ∼34% lower from G0.5 to G30. Moreover, the decrease in NAD(P)H autofluorescence triggered by the mitochondrial uncoupler FCCP was initially similar in both islet types but rapidly became much slower in J- *vs.* N-islets. These results indicated that NNT contributes largely to the rise in NAD(P)H between G0.5 and G30 and to the rapid decrease thereof upon mitochondrial uncoupling in N-islets. However, they also suggested that the lack of NNT in J-islets prevented a full decrease in NAD(P)H at low glucose rather than its increase at high glucose.Figure 1**Effects of glucose and FCCP on pyridine nucleotides in islets from C57BL/6N and C57BL/6J mice, and impact of WT NNT expression in J-islets**. N- and J-islets were perifused simultaneously in the same chamber (A, B) or incubated 15 min (C--F) in the presence of various glucose concentrations (Gn = n mmol/l glucose) or in G30 plus 10 μmol/l FCCP. Data are means (A) or means ± SEM (B--H) for n islet preparations. A, raw NAD(P)H autofluorescence levels per pixel (n = 3). B, NAD(P)H autofluorescence normalized in each experiments to the level of fluorescence in N-islets perifused with G0.5. \**P* \< 0.001, \*\**P* \< 0.0001 *vs.* G0.5, \#*P* \< 0.05 and \#\#P \< 0.01 *vs.* N-islets (n = 3). C and D, NADH, NAD^+^, NADPH and NADP^+^ were measured in whole islet extracts and the ratios NADH/(NAD(H) and NADPH/(NADP(H) were computed. \**P* \< 0.05 *vs.* G0.5; §*P* \< 0.05 *vs.* G30; \#*P* \< 0.05, \#\#*P* \< 0.01 *vs.* N-islets (n = 3). E and F, non-trypsinized (E) or trypsinized (F) J-islets were infected with Ad-NNT or Ad-mCh. NADPH and NADP^+^ were measured in whole islet extracts and the ratio NADPH/(NADP(H) was computed. \**P* \< 0.05, \*\**P* \< 0.001 *vs.* G0.5; §*P* \< 0.05 *vs.* G30; \#*P* \< 0.05 *vs.* J-mCh islets (n = 4). G--I, J-islets were infected with Ad-mCh or Ad-NNT under usual conditions (G) or after gentle trypsinisation (H and I) and further cultured for 4 days. N-islets and heart extracts from N- and J-mice were used as controls. G, the *Nnt* to *Tbp* mRNA ratio was measured by real-time RT-PCR using primers specific for WT *Nnt* (ND: not detected). *P* values were obtained by unpaired two-tailed t-test between N and J-NNT islets; n = 4. H, the NNT to actin protein ratio was measured by western blot (ND: WT NNT was not detected in J-mCh islets or J heart extracts). *P* values were obtained by unpaired two-tailed t-test between N and J-NNT islets; n = 4. I, representative blot (two parts of the same membrane).Figure 1

To distinguish the direct impact of NNT on mitochondrial NADPH from putative indirect effects on mitochondrial function preservation, we next measured the effects of glucose and FCCP on the reduced and oxidized forms of NAD and NADP in whole islets. We then computed the NADH/(NADH + NAD^+^) and NADPH/(NADPH + NADP^+^) ratios, next referred to as NADH/NAD(H) and NADPH/NADP(H) ratios. [Figure 1](#fig1){ref-type="fig"}C shows that glucose increased and FCCP decreased the NADH/NAD(H) ratio to similar extents in N- and J-islets, suggesting that glucose metabolism and mitochondrial function were globally preserved in the absence of NNT. These changes occurred without significant changes in total NAD(H) ([Figure S1A--C](#appsec2){ref-type="sec"}).

In contrast, glucose and FCCP differently affected the NADPH/NADP(H) ratio in J- and N-islets. In N-islets, the ratio increased by 50% upon stimulation from G0.5 to G30, and this effect was partially reversed by FCCP ([Figure 1](#fig1){ref-type="fig"}D). In contrast, the NADPH/NADP(H) ratio in J-islets was elevated in G0.5 and unaffected by glucose or FCCP ([Figure 1](#fig1){ref-type="fig"}D). Again, the differences in NADPH/NADP(H) ratio were not due to changes in total NADP(H) ([Figure S1D--F](#appsec2){ref-type="sec"}).

To confirm that the results in J-islets resulted from their lack of functional NNT and not from other genetic differences with N-islets [@bib13], [@bib25], we infected J-islets with an adenovirus coding WT mouse NNT and mCherry (Ad-NNT), or mCherry alone as control (Ad-mCh). When the periphery of islets was infected by Ad-NNT ([Figure S2](#appsec2){ref-type="sec"}), their NADPH/NADP(H) ratio tended to decrease at low glucose (about 30% of the decrease in N-islets) and in the presence of FCCP (about 45% of the decrease in N-islets) ([Figure 1](#fig1){ref-type="fig"}E). However, when islets were gently trypsinized to allow Ad-NNT infection throughout the islets ([Figure S2](#appsec2){ref-type="sec"}), the decrease in NADPH/NADP(H) ratio at low glucose or by FCCP was fully restored in J-islets expressing WT NNT but not mCherry alone ([Figure 1](#fig1){ref-type="fig"}F). The level of NNT expression in N-islets and J-islets infected with Ad-mCh or Ad-NNT are shown in [Figure 1](#fig1){ref-type="fig"}G--I.

These results confirmed that NNT is critical for the effects of glucose and FCCP on islet NADPH. However, NNT did not increase NADPH at high glucose but decreased it at low glucose, suggesting that NNT operates in the reverse mode and consumes NADPH at low glucose, when the NADH/NAD^+^ ratio and mitochondrial membrane potential are low in β-cells. To assess the importance of this unusual mode of NNT operation, we estimated the difference in NAD(P)H content between N- and J-islets exposed at different glucose concentrations ([Figure S3AB](#appsec2){ref-type="sec"}). The results show that NADPH consumption by NNT decreased as a function of glucose concentration and became negligible at G30. About 41% of this effect occurred between G5 and G10.

3.2. NNT reverse mode of operation mediates the effect of glucose on mitochondrial glutathione oxidation in mouse β-cells, with little impact on cytosolic glutathione {#sec3.2}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------

We next used GRX1-roGFP2 and mt-GRX1-roGFP2 to measure the effect of glucose on cytosolic and mitochondrial glutathione oxidation. The total glutathione content was similar in N- and J-islets (4.8 ± 1.7 pg/μg protein in N-islets *vs.* 5.6 ± 1.1 pg/μg protein in J-islets, n = 3), assuring that changes in probe fluorescence ratio reflect changes in glutathione redox state [@bib26]. Moreover, the probes were mainly expressed in islet β-cells despite the use of a CMV promoter ([Figure S4](#appsec2){ref-type="sec"}).

[Figure 2](#fig2){ref-type="fig"}A shows that glucose reduced mt-GRX1-roGFP2 fluorescence ratio in N-islets as a function of concentration, reflecting a decrease in glutathione oxidation, as in rat and human β-cells [@bib11]. About 35--40% of this effect occurred between G5 and G10. In J-islets, in contrast, mt-GRX1-roGFP2 fluorescence ratio was low at all glucose concentrations, displaying only a small increase upon glucose stimulation ([Figure 2](#fig2){ref-type="fig"}A). Again, expressing WT NNT in J-islets fully restored the glucose regulation of mt-GRX1-roGFP2 fluorescence ratio ([Figure 2](#fig2){ref-type="fig"}B), confirming the role of the enzyme in this effect. As NNT expression was higher in J-islets infected with Ad-NNT than in N-islets, we also tested the glucose responses in N/J-islets from heterozygous F1 mice obtained by crossing N- and J-mice. [Figure 2](#fig2){ref-type="fig"}C shows that the traces were almost identical in N-islets and NJ-islets, indicating that a single WT allele of *Nnt* suffices for mitochondrial glutathione oxidation at low glucose. Interestingly, FCCP only increased mt-GRX1-roGFP2 fluorescence ratio in N-islets at G30 while remaining completely ineffective in J-islets ([Figure 2](#fig2){ref-type="fig"}F). Altogether, these results support our hypothesis that NNT operates in the reverse mode below G10 as in the presence of FCCP at G30.Figure 2**Effects of glucose and FCCP on mitochondrial glutathione oxidation in N- and J-islets**. Islets were perifused at various glucose concentrations (Gn = n mmol/l glucose) or in G30 plus 10 μmol/l FCCP, as shown at the top of the graphs. At the end of experiments, the probe was maximally reduced with DTT (10 mmol/l) then maximally oxidized with aldrithiol (AT2, 100 μmol/l) for normalization of the traces. Data are means ± SEM for n islet preparations. A, N- and J-islets were infected with Ad-mt-GRX1-roGFP2. \**P* \< 0.05, \*\**P* \< 0.0001 *vs.* G0; \#*P* \< 0.0001 *vs.* N-islets (n = 4). B, J-islets were infected with Ad-mt-GRX1-roGFP2 and either Ad-NNT (J-NNT) or Ad-mCh (J-mCh) without trypsinization. \**P* \< 0.0001 *vs.* G0; \#*P* \< 0.05, \#\#*P* \< 0.0001 *vs.* J-mCh islets (n = 4). C, N-, N/J- and J-islets were infected with Ad-mt-GRX1-roGFP2. \**P* \< 0.0001 *vs.* G0; \#*P* \< 0.05, \#\#*P* \< 0.0001 *vs.* N-islets (n = 3). D, N- and J-islets were infected with Ad-GRX1-roGFP2. \**P* \< 0.05 *vs.* G0 (n = 3). E, J-islets were infected with Ad-GRX1-roGFP2 and either Ad-NNT (J-NNT) or Ad-mCh (J-mCh) without trypsinization (n = 4). F, N- and J-islets were infected with Ad-mt-GRX1-roGFP2. \**P* \< 0.01 *vs.* G10; \*\**P* \< 0.0001 *vs.* G30; \#*P* \< 0.0001 *vs.* N-islets (n = 3).Figure 2

In contrast to the mitochondrial probe, cytosolic GRX1-roGFP2 fluorescence ratio was low and unaffected by glucose in both islet types, except for a small increase upon glucose deprivation in N- but not J-islets ([Figure 2](#fig2){ref-type="fig"}D). However, expression of WT NNT in J-islets did not restore the GRX1-roGFP2 response to glucose deprivation ([Figure 2](#fig2){ref-type="fig"}E). These results are compatible with recent data showing that the rise in cytosolic NADPH occurs between G0 and G5 [@bib27], and indicate that the impact of NNT on cytosolic glutathione oxidation is negligible under control conditions.

3.3. NNT reverse mode of operation increases the islet sensitivity to exogenous H~2~O~2~ at low glucose {#sec3.3}
-------------------------------------------------------------------------------------------------------

To further evaluate how a lack of NNT affects cytosolic and mitochondrial redox state in β-cells, we compared the effect of low concentrations of exogenous H~2~O~2~ on (mt)-GRX1-roGFP2 oxidation in N- and J-islets. [Figure 3](#fig3){ref-type="fig"} shows that the cytosolic and mitochondrial probes were less sensitive to H~2~O~2~ in the presence of G10 than G2, indicating that glucose improved the antioxidant defenses in both compartments. At G10, the traces were similar in both islet types ([Figure 3](#fig3){ref-type="fig"}A and C), suggesting that NNT did not protect β-cells against H~2~O~2~. In contrast, at G2, mt-GRX1-roGFP2 oxidation was lower in J- than N-islets in the presence of up to 10 μmol/l H~2~O~2~. More surprisingly, oxidation of cytosolic GRX1-roGFP2 occurred at slightly lower H~2~O~2~ concentrations in N- *vs.* J-islets. These results suggested that, at low glucose, the lack of NNT protects the mitochondrial matrix and also, to a limited extent, the cytosol against low concentrations of H~2~O~2~. This conclusion is further supported by [Figure 3](#fig3){ref-type="fig"}E showing that the oxidation of GRX1-roGFP2 by 10 μmol/l H~2~O~2~, which was similar in both islet types in the presence of G10 or G30, increased to a significantly larger extent upon glucose deprivation in N- than J-islets.Figure 3**Effects of H**~**2**~**O**~**2**~**on mitochondrial and cytosolic glutathione oxidation in N- and J-islets**. Islets were perifused in the presence of increasing concentrations of exogenous H~2~O~2~ at different glucose concentrations (Gn = n mmol/l glucose), as shown at the top of the graphs. The traces were normalized as in [Figure 2](#fig2){ref-type="fig"}. Data are means ± SEM for n islet preparations. A and B, islets infected with Ad-mt-GRX1-roGFP2. C-E, islets infected with Ad-GRX1-roGFP2. A, \**P* \< 0.01, \*\**P* \< 0.0001 *vs.* G10 alone (n = 3). B, \**P* \< 0.0001 *vs.* G2 alone; \#*P* \< 0.05, \#\#*P* \< 0.001 *vs.* N-islets (n = 4). C, §*P* \< 0.05, \**P* \< 0.0001 *vs.* G10 alone (n = 4). D, §*P* \< 0.05, \**P* \< 0.0001 *vs.* G2 alone; \#*P* \< 0.05 *vs.* N-islets when analyses were restricted to data at 0, 1 and 5 μmol/l H~2~O~2~ (n = 3). E, §*P* \< 0.05, \**P* \< 0.0001 *vs.* previous step; \#*P* \< 0.001 *vs.* N-islets (n = 3).Figure 3

3.4. The reduction of GSIS in J-islets lies at a step distal to Ca^2+^ influx {#sec3.4}
-----------------------------------------------------------------------------

In other experimental models, the negative impact of reduced NNT activity on GSIS was attributed to mitochondrial oxidative stress, with reduced ATP production and lack of Ca^2+^ rise upon glucose stimulation [@bib13], [@bib14]. As these results were discordant with our data showing similar glucose-induced rise in NADH/NAD(H) ratio in J- and N-islets ([Figure 1](#fig1){ref-type="fig"}C), we reinvestigated glucose tolerance, islet GSIS and stimulus-secretion coupling in J- and N-mice, focusing on mitochondrial events involved in the triggering pathway of GSIS. [Figure 4](#fig4){ref-type="fig"}A shows that blood glucose levels were higher in J- than N-mice in the fed state, after overnight fasting and after 1 h refeeding, in agreement with most [@bib13], [@bib14], [@bib28] but not all [@bib29] previous studies. In static incubations of isolated islets, GSIS was reduced by 60--70% in J-islets, while it was not different in N/J- *vs.* N-islets ([Figure 4](#fig4){ref-type="fig"}B). In perifusion experiments ([Figure 4](#fig4){ref-type="fig"}C), the first and second phases of GSIS were also reduced by ∼60--70% in J-islets, with a flat second phase in comparison with the slowly ascending phase in N-islets. However, GSIS was reduced despite almost identical glucose stimulation of the triggering pathway, as the glucose-induced changes in ^14^C-glucose oxidation, mitochondrial matrix pH, mitochondrial membrane potential, OCR, ATP/(ATP + ADP) ratio and \[Ca^2+^\]~i~ were similar in both islet types ([Figure 4](#fig4){ref-type="fig"}D--I). These results suggested that the secretory defect of J-islets resulted from alterations in Ca^2+^-induced exocytosis or its metabolic amplification downstream the triggering pathway of GSIS.Figure 4**Glucose tolerance, GSIS and stimulus-secretion coupling events in N- and J-islets**. A, blood glucose in female N- and J-mice under fed conditions (sampling at 9 AM) and after an overnight fast without or with 1 h refeeding (n = 5). \**P* \< 0.0001 *vs.* fed state. Shown are *P* values for the differences between N and J mice. B--I, islets were incubated or perifused at various glucose concentrations and in the presence of 30 mmol/l ammonium chloride (Am), 30 mmol/l Na^+^-acetate (Ac), 5 mmol/l azide or 10 μmol/l FCCP. Data are means ± SEM for n islet preparations. B, GSIS in N-, N/J- and J-islets. The insulin to DNA content ratio was 0.65 ± 0.08 ng/ng in N-islets, 0.75 ± 0.11 ng/ng in J-islets, and 0.65 ± 0.09 ng/ng in N/J-islets. \**P* \< 0.05, \*\**P* \< 0.0001 *vs.* G0.5; \#*P* \< 0.0001 *vs.* N-islets (n = 4). C, dynamic GSIS in N- and J-islets. The insulin to DNA content ratio was 1.62 ± 0.22 ng/ng in N-islets and 1.56 ± 0.18 ng/ng in J-islets. Statistical analysis was done on the area under the curve for first phase (min 10-25) and second phase (min 25--70) of GSIS. \**P* \< 0.01, \*\**P* \< 0.0001 *vs.* G0.5; \#*P* \< 0.0001 *vs.* N-islets (n = 4). D, ^14^C-glucose oxidation in N- and J-islets during 2 h incubation. \**P* \< 0.0001 *vs.* G0.5 (n = 3). E, mt-SypHer fluorescence ratio, an indicator of mitochondrial pH, normalized to its maximum value in Am and minimum value in Ac. \**P* \< 0.001, \*\**P* \< 0.0001 *vs.* G0 (n = 3). F, rhodamine 123 fluorescence normalized to its initial level in G0.5. \**P* \< 0.01, \*\**P* \< 0.0001 *vs.* G0.5 (n = 4). G, relative changes in OCR in perifused islets. \**P* \< 0.0001 *vs.* G0.5 (n = 4). H, ATP/(ATP + ADP) ratio after 30 min incubation. \**P* \< 0.0001 *vs.* G0.5; §*P* \< 0.001 *vs.* G30 (n = 3). I, Fura2-LR fluorescence ratio in N- and J-islets loaded for 2 h with the Ca^2+^ probe (2 μmol/l). \**P* \< 0.05, \*\**P* \< 0.0001 *vs.* G0.5 (n = 4).Figure 4

3.5. Metabolic amplification of GSIS in J- *vs.* N-islets {#sec3.5}
---------------------------------------------------------

Under control conditions, GSIS was reduced in J- *vs.* N-islets between G15 and G30 despite their similar insulin content ([Figure 5](#fig5){ref-type="fig"}A). When islets were depolarized by 30 mmol/l extracellular K^+^ (K30) in the presence of the K~ATP~-channel opener diazoxide (Dz) to test the metabolic amplifying pathway of GSIS [@bib1], \[Ca^2+^\]~i~ was similarly increased in both islet types ([Figure S5](#appsec2){ref-type="sec"}), but the rate of insulin secretion was significantly lower in J- than N-islets (∼60--70% reduction between G0.5 and G20, ∼50% reduction at G30) ([Figure 5](#fig5){ref-type="fig"}B). Under these conditions, glucose still amplified depolarization-induced insulin secretion in J-islets, but to a lower extent than in N-islets. These results indicated that the lack of NNT markedly reduced Ca^2+^-induced exocytosis and its metabolic amplification.Figure 5**Metabolic amplification of insulin secretion in N-islets, J-islets, and J-islets infected with Ad-NNT**. N- and J-islets were incubated for 1 h at increasing glucose concentrations under control (A, C, E) or depolarizing (B, D, F) conditions (Kn, n mmol/l extracellular K^+^; Dz, 250 μmol/l diazoxide). The incubations were done in parallel under both conditions on the same islet preparations. For each sample, the rate of insulin secretion was expressed relative to the islet DNA content. A and B, islet DNA content (A, 0.83 ± 0.02 in N-islets and 0.86 ± 0.05 in J-islets; B, 0.92 ± 0.03 in N-islets and 0.88 ± 0.05 in J-islets). Data are means ± SEM for 8--9 batches of 5 islets from 3 islet preparations. §*P* \< 0.05, \**P* \< 0.01, \*\**P* \< 0.0001 *vs.* G0.5, \#*P* \< 0.01, \#\#*P* \< 0.0001 *vs.* J-islets. C and D, 4 days before the experiment, J-islets were infected with Ad-NNT (J-NNT) or Ad-mCh (J-mCh) as control. Islet DNA content (C, 0.70 ± 0.05 in J-NNT-islets and 0.49 ± 0.02 in J-mCh islets; D, 0.69 ± 0.03 in J-NNT-islets and 0.65 ± 0.06 in J-mCh-islets). Data are means ± SEM for 11--12 batches of 5 islets from 4 islet preparations. §*P* \< 0.05, \**P* \< 0.01, \*\**P* \< 0.0001 *vs.* G0.5, \#*P* \< 0.05, \#\#*P* \< 0.01 *vs.* J-mCh islets.Figure 5

3.6. Impact of WT NNT expression on GSIS in J-islets {#sec3.6}
----------------------------------------------------

It was previously shown that expression of WT NNT in J-mice corrects their defect in GSIS [@bib14]. Here, GSIS was not reduced in NJ-islets ([Figure 4](#fig4){ref-type="fig"}B), showing that one WT allele of *Nnt* suffices to preserve β-cell secretory function. We nevertheless tested the impact of WT NNT expression on GSIS in J-islets. [Figure 5](#fig5){ref-type="fig"}C--D shows that infection of J-islets with Ad-NNT reduced the difference in GSIS between J- and N-islets to a similar extent as it restored the decrease in NADPH/NADP(H) ratio in G0.5 *vs.* G30 in [Figure 1](#fig1){ref-type="fig"}F, by ∼20--25% under control conditions and ∼40--60% under depolarizing conditions. However, infecting J-islet with Ad-NNT after gentle trypsinization did not increase GSIS ([Figure S6A and B](#appsec2){ref-type="sec"}).

3.7. Metabolite profiling of resting and glucose-stimulated N- and J-islets {#sec3.7}
---------------------------------------------------------------------------

Given the strong reduction of GSIS despite the apparent preservation of glucose metabolism in J- *vs.* N-islets, we examined the relative changes in metabolite levels in response to glucose stimulation, using untargeted GC/MS analysis. [Figure 6](#fig6){ref-type="fig"} shows that N- and J-islets displayed similar changes in most glycolytic and Krebs cycle intermediates, e.g. increased levels of glucose-6-phosphate, fructose phosphate, citrate and malate, and a decrease in aspartate levels. However, the rise in the level of intermediates involved in mitochondrial shuttling, i.e. glycerol-3-phosphate (Gly3P) at 15 and 60 min, as well as glutamate levels at 60 min of G30 stimulation, was clearly defective ([Figure 6](#fig6){ref-type="fig"}).Figure 6**Metabolite profiling of N- and J-islets**. A, score scatter plots from OPLS-DA models calculated with the time (0--15--60 min) of glucose stimulation (G30) as discriminating variable. Samples cluster according to time in stimulatory glucose for both N- (left) and J- (right) islets. B, loadings from the OPLS-DA models combined in a shared and unique structure-like plot (SUS-like plot). Metabolites from glycolysis and the Krebs cycle increase with time in stimulatory glucose levels in both N- and J-islets (upper right corner). However, intermediates involved in mitochondrial shuttling, glutamate and glycerol-3-phosphate, increase only in N-islets. C, normalized metabolite levels at basal and 15 and 60 min after glucose stimulation in N- and J-islets confirms glucose unresponsiveness in mitochondrial shuttle intermediates. Data are means ± SEM for 10 samples in G0.5 and 4 samples in G30 for both N- and J-islets. Differences between groups were assessed by one-way ANOVA, followed by Tukey\'s multiple comparison test post hoc. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, for 15 min G30 *vs.* G0.5, and §*P* \< 0.05, §§*P* \< 0.01, §§§*P* \< 0.001, for 60 min G30 *vs*. G0.5.Figure 6

4. Discussion {#sec4}
=============

In this study, we show that NNT is largely responsible for the glucose-induced rise in NADPH/NADP(H) ratio and decrease in mitochondrial glutathione redox state in mouse pancreatic islets. However, in the physiological range of glucose concentrations, this effect resulted from a reduction in NADPH consumption by NNT reverse mode of operation, rather than from a stimulation of NADPH production by the enzyme ([Figure 7](#fig7){ref-type="fig"}). At non-stimulating glucose, such reverse mode of NNT operation increased the sensitivity of N-islets to exogenous H~2~O~2~ in the mitochondrial matrix and, to a small extent, the cytosol. Finally, we show that long-term lack of NNT did not alter the glucose-induced rise in \[Ca^2+^\]~i~ and upstream coupling events, but that it markedly reduced GSIS by altering the efficacy of Ca^2+^ on exocytosis and its metabolic amplification.Figure 7**Impact of a lack of NNT on metabolic parameters (potentially) involved in GSIS in mouse pancreatic β-cells**. Arrows on the left, level at non-stimulating \[glucose\]; arrows on the right, level at stimulating \[glucose\]; ↑, high levels; ↓, low levels. Blue and red arrows highlight differences between N and J-islets. Differences in the amplitude of GSIS is depicted by different arrow numbers.Figure 7

4.1. Islet NNT mode of operation {#sec4.1}
--------------------------------

The glucose-induced rise in cytosolic NADPH/NADP(H) ratio was previously proposed as a metabolic coupling factor controlling GSIS in association with GRX1 [@bib5], [@bib6]. Recently, we showed that the increase in NAD(P)H autofluorescence correlates with a decrease in mitochondrial glutathione oxidation in rat and human β-cells, while cytosolic glutathione oxidation was low at all glucose concentrations, suggesting that mitochondrial glutathione redox state could play a role in GSIS [@bib11].

In this study, comparing islets with and without functional NNT unexpectedly revealed that most of the glucose-induced rise in islet NADPH/NADP(H) ratio did not result from a progressive increase in NADPH production but from a progressive reduction in NADPH consumption by NNT reverse mode of operation between G0 and G30. Accordingly, this was responsible for the glucose-mediated decrease in mitochondrial glutathione oxidation in β-cells.

Our conclusion that islet NNT operates in the reverse mode relies on the higher NADPH/NADP(H) ratio and lower mitochondrial glutathione oxidation in J- than N-islets at non-stimulating glucose. We excluded the possibility that this difference resulted from the adaptation of J-islets to long-term mitochondrial oxidative stress, since it was abrogated after 2--4 days of WT NNT expression, indicating that NNT rapidly operates in the reverse mode once expressed in β-cells. These results also rule out the possibility that these differences between J- and N-islets result from other genetic differences [@bib25], [@bib30], [@bib31].

It may seem surprising that NNT can operate in the reverse mode at physiological glucose concentrations. However, β-cells are unique in their ability to modulate their metabolic rate according to the glucose concentration. This is usually presented as an ability to increase their NADH/NAD^+^ ratio, mitochondrial proton motive force (depending on both mitochondrial membrane potential and pH gradient), and ATP/ADP ratio upon glucose stimulation, but it might be more correct to state, as recently pointed out in a review on β-cell mitochondria [@bib4], that β-cells allow these parameters to drop below 10 mmol/l glucose. Such unusual behavior could be related to the low coupling efficiency of β-cell mitochondria [@bib4], [@bib32]. A low NADH/NAD^+^ ratio, mitochondrial proton motive force, and ATP/ADP ratio, as observed in β-cells at non-stimulating glucose, correspond to the conditions that activate NNT reverse mode of operation in mitochondria isolated from other tissues [@bib33], [@bib34]. In the presence of increasingly higher glucose concentrations, the islet mitochondrial NADH/NAD^+^ ratio, proton motive force and ATP/ADP ratio progressively increase, and NNT reverse mode of operation is expected to decrease until it eventually reverts to the forward mode. The glucose concentration around which NNT mode of operation switches from reverse to forward is expected to depend on the proton motive force and the NADH/NAD^+^ and NADPH/NADP^+^ ratios [@bib35]. We first estimated it at or above 10 mM glucose, a condition under which β-cell NADH/NAD^+^ ratio, mitochondrial proton motive force and ATP/ADP ratio are high and similar to those observed in most cell types under energized conditions [@bib4]. However, it may be closer to 30 mM glucose, as even at this very high glucose concentration, the islet NADPH/NADP(H) ratio was not lower and mitochondrial glutathione was not more oxidized in J-islets, suggesting that NNT did not contribute to the maintenance of the high NADPH/NADP(H) ratio. Moreover, our estimation of NADPH consumption by NNT suggests that it is only fully suppressed at about G30. Nevertheless, given the uncertainties of the above estimation and the slightly higher absolute NADPH autofluorescence level in N-islets at G30 (see [Figure 1](#fig1){ref-type="fig"}A and B), we cannot exclude the possibility that islet NNT operates in the forward mode above G10, as it does in most cell types under control conditions [@bib15], [@bib33], [@bib34]. [Figure S7](#appsec2){ref-type="sec"} schematizes the impact of NNT mode of operation on islet NADP and glutathione redox state at varying glucose concentrations.

4.2. Consequences of NNT reverse mode of operation on β-cell oxidative stress {#sec4.2}
-----------------------------------------------------------------------------

The lack of functional NNT had a strong impact on islet NADPH/NADP(H) ratio and mitochondrial glutathione oxidation at low but not intermediate and high glucose. J-islets may therefore be protected against low glucose-induced mitochondrial oxidative stress [@bib18], [@bib36], [@bib37]. In contrast, there was no significant impact of the lack of NNT on cytosolic glutathione oxidation at physiological glucose concentrations. However, at very low glucose or in its complete absence, cytosolic glutathione oxidation tended to be lower in J-islets both in the absence or presence of exogenous H~2~O~2~, suggesting that a lack of NNT reverse mode of operation could also protect β-cells from cytosolic oxidative stress when glucose metabolism is strongly reduced. Such a paradoxical effect in which the lack of NNT protects from cellular oxidative stress has been recently reported in cardiomyocytes from mice submitted to chronic trans-aortic constriction and in brain cells exposed to ischemia-reperfusion damage [@bib34], [@bib38]. However, NNT only slightly modulated the large increase in H~2~O~2~ sensitivity triggered in the cytosol of both islet types by a reduction in glucose from G10 to G2. On the other hand, if NNT operates in the normal mode at high glucose, J-islets should be more sensitive to high glucose-induced mitochondrial oxidative stress, in agreement with the observation that many other cell types are more prone to oxidative stress in J- than N-mice [@bib33], [@bib39], [@bib40], [@bib41].

4.3. NNT and GSIS {#sec4.3}
-----------------

In contrast with previous studies [@bib13], [@bib42], long-term lack of NNT did not alter other aspects of mitochondrial metabolism associated with the triggering pathway of GSIS. Nevertheless, the lack of NNT markedly reduced both first and second phases of GSIS by altering the efficacy of Ca^2+^ on exocytosis and its metabolic amplification.

Our results in non-trypsinized J-islets showing that WT NNT expression restored GSIS to the same extent as it improved the glucose regulation of NADPH/NADP(H) ratio support the conclusion that the lack of NNT is responsible for the lower GSIS in J-islets. This is in agreement with a study demonstrating the ability of NNT expression in J-mice to restore their GSIS [@bib14]. The surprising observation that NNT expression in trypsinized J-islets did not increase GSIS despite its ability to fully restore the glucose-induced changes in NADPH/NADP(H) ratio and mitochondrial glutathione oxidation may result from a negative impact of trypsinization on the regulation of GSIS. We cannot, however, totally exclude the possibility that the lower GSIS in J-islets also results, in part, from long-term β-cell adaptation to the lack of NNT in the whole organism. J-mice have indeed a 50% lower plasma corticosterone level than N-mice [@bib43] and display an increase in oxidative stress with compensatory increase in antioxidant defenses in various cell types involved in glucose homeostasis [@bib41]. Formal testing of that hypothesis will require a model of conditional NNT deletion in adult β-cells. In humans, NNT mutations are a cause of familial glucocorticoid deficiency [@bib43], and a recent study reported that one patient suffering from this condition developed non-autoimmune diabetes at the age of 10, suggesting that, depending on the genetic environment and the presence of other gene variants, NNT mutation may lead to a defect in insulin secretion [@bib44].

How does the lack of NNT reduce GSIS in J-islets? A previously considered explanation, that it induces mitochondrial oxidative stress with loss of the glucose-induced rise in ATP production and \[Ca^2+^\]~i~ [@bib13], [@bib15], [@bib42], was not confirmed in this study. Thus, lower GSIS in J- *vs.* N-islets resulted from a defect in Ca^2+^-induced exocytosis and its metabolic amplification. Such discordant results between studies may have resulted from the use of different experimental models; we compared stimulus-secretion coupling events in N- and J-islets from mice with similar genetic background, while previous studies compared islets from J-mice and genetically unrelated C3H/HeH, DBA/2 and BALB/c mice. A second hypothesis, that GSIS is lower because NADPH is lower or oxidation of cytosolic and mitochondrial glutathione is higher at stimulating glucose concentrations, was also invalidated by our data, at least up to G10. We then considered the possibility that metabolic fluxes are reduced in J-islets despite their similar steady-state levels of ATP and NADH, but the similar glucose stimulation of OCR, glucose oxidation and accumulation of glycolytic and Krebs cycle intermediates, argued against it. Finally, we found that J-islets have a defect in the glucose-induced accumulation of metabolites involved in mitochondrial shuttles, i.e. in Gly3P and Glu, which may play a role in GSIS [@bib2]. The lack of increase in Gly3P could alter the glycerol-phosphate shuttle, which transfers reducing equivalent from the cytosol to the mitochondria and is particularly active in pancreatic islets [@bib45], or the production of mono-, di- and tri-acylglycerol impacting PKC activation or other still poorly understood aspects of GSIS [@bib46]. Thus, the link between a lack of NNT, these metabolic alterations, and the reduction of GSIS remains unclear ([Figure 7](#fig7){ref-type="fig"}).

4.4. C57BL/6J mice {#sec4.4}
------------------

Whether C57BL/6J mice are useful to study oxidative stress and glucose homeostasis has been raised since the discovery of their NNT mutation and its impact on glucose tolerance and the phenotype of SOD2-KO mice [@bib13], [@bib14], [@bib47]. Recent papers [@bib25], [@bib34], [@bib41], [@bib48], [@bib49] reemphasized that J-mice may not be a valid model to study the pathophysiology of human diseases, except for studies on NNT mutations associated with familial glucocorticoid deficiency with possible development of diabetes later in life [@bib43], [@bib44], [@bib50]. Our study further supports the idea that J-mice should be avoided as control mice. Meanwhile, the NNT genotype of C57BL/6 mice should be systematically reported.

5. Conclusion {#sec5}
=============

NNT operates in the reverse mode in insulin-secreting β-cells, thereby lowering islet NADPH levels and increasing mitochondrial glutathione oxidation at non-stimulating *vs.* stimulating glucose concentrations. The lack of NNT in islets from C57BL/6J mice does not detectably alter other aspects of mitochondrial metabolism associated with the triggering pathway of GSIS but markedly reduces both first and second phases of GSIS by altering Ca^2+^-induced exocytosis and its metabolic amplification.
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